Radiation Physics and Engineering 2024; 5(3):41-47

Research Article

Plasma density role on instability growth of transverse-longitudinal
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HIGHLIGHTS

e The body stress flow can be detrimental to the growth of transverse-longitudinal coupled electromagnetic modes.

e The collision effect on the growth of the electromagnetic mode is investigated.
e The kinetic Vlasov-Maxwell model has been used.

e Increasing the collision correction will lead to a reduction in the instability growth rate of the electromagnetic modes.

ABSTRACT

In this paper, the growth of transverse-longitudinal coupled electromagnetic modes in the
interaction of high-intensity lasers with dense plasma investigated. Using kinetic theory
and solving the scattering relationship for the Vlasov-Maxwell system, the collision effects
on the growth of the electromagnetic mode are studied. The anisotropic distribution
function considers the effects of body stress due to laser ponderomotive force and plasma
density gradient. The results show that a 99% reduction in frequency in the beam path
in dense plasma leads to an 88% increase in unstable modes’ growth rate. Increasing the
density prevents immediate cessation and enhances the growth of unstable modes. In-
creasing the density gradient by 99%, the instability rate maximum will increase by 88%.
Overall, this paper provides insights into the effects of collision and anisotropic distri-
bution function on the growth of transverse-longitudinal coupled electromagnetic modes
in dense plasma. Overall, this paper provides insights into the interplay between vari-
ous phenomena such as body stress, collision, and electromagnetic modes in dense plasma.
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1 Introduction

When a laser beam with an intensity of 102 W.cm~2 and

a very short pulse of around 10ps interacts with dense
plasma, the plasma is heated primarily in the velocity di-
mension along the wave propagation direction. The pon-
deromotive pressure of laser-induced hot electrons drives
the production and propagation of electron beams in an
extremely unstable system. A few tens of mega bars of
intense pressure are generated in the dense plasma. Dur-
ing the interaction, the plasma exerts a high pressure
on the surrounding material, which leads to the forma-
tion of an intense shock wave. This shock wave carries
the temperature anisotropy into the interior of the target
(Liu and Chen, 2019; Khodadadi Azadboni, 2022; Bret
and Dieckmann, 2020; Bret et al., 2005). When a beam
propagates through plasma, it induces a return current to
maintain current neutralization of the beam-plasma sys-
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tem (Jeet et al., 2021; Ali and Sarfraz, 2021; Hunana et al.,
2019; Schoeffler and Silva, 2020). These currents produce
a strong magnetic field of several megagauss around the
beam, which amplifies the initial turbulence. As the pres-
sure increases, the elements of the body are compressed.
This compression cannot proceed freely in a continuum
when the pressure is not uniform throughout, and thus,
body stresses due to the flow of fluid are set up. The
body flow alters the distribution function and leads to
turbulence in plasma.

The body flow induced by the body stress can influence
the nature of turbulence and associated transport. Such
systems are unstable to any harmonic perturbations and
produce electromagnetic modes that grow exponentially
over time (Bendib et al., 1997; Khodadadi Azadboni and
Mahdavi, 2017; Treumann and Baumjohann, 1997; Azad-
boni, 2021; Gremillet et al., 2007; Amininasab et al., 2018).
An asymmetrical angular distribution function about the
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x-axis with a positive second anisotropic distribution func-
tion T, > T, drives unstable k; modes. While a neg-
ative second anisotropic distribution function T, < T
drives unstable k, modes and leading to the generation of
electromagnetic waves that propagate along the magnetic
field and restore isotropy in phase space. The growth of
transverse-longitudinal coupled electromagnetic modes in
collisional dense plasma can be affected by body stress.
Body stress refers to the stress that a material experi-
ences due to an applied force or load. In the case of dense
plasma, body stress can arise from a variety of sources,
such as thermal or mechanical effects. The effect of body
stress on the growth of these modes is complex and de-
pends on the specific characteristics of the plasma and
the nature of the stress (Amininasab et al., 2019; Abe and
Niu, 1980b; Khodadadi Azadboni, 2021; Bret et al., 2004;
Davidson et al., 2022). However, in general, body stress
can lead to changes in the plasma density and temper-
ature, which in turn can affect the propagation of elec-
tromagnetic waves. The investigation of instability re-
sulting from electromagnetic modes in the interaction of
high-intensity lasers with condensed plasma targets is an
interesting topic of recent research (Krishnamurthy et al.,
2020; Garasev et al., 2022; Hinton, 1983; Azadboni, 2024;
Huynh et al., 2022; Dieckmann et al., 2020; Ghizzo et al.,
2017). Body stress flow can affect convective flow in heat
losses, increasing temperature anisotropy (Abe and Niu,
1980a). Temperature anisotropy plays a key role in en-
ergy transportation and can induce a large anomalous re-
sistivity due to the privileged direction of the stress flow.
The effect of Coulomb collision is an important mecha-
nism for the absorption of high-frequency electromagnetic
radiation by fully ionized plasma, which has been studied
theoretically and experimentally. The presence of stresses
caused by laser ponderomotive force has a significant role
in the macroscopic behavior of plasma and can affect the
nature of the disorder and its transmission.

The interaction between a beam and plasma is a com-
plex process that involves various phenomena such as re-
turn currents, magnetic fields, body stresses, and turbu-
lence. Understanding the interplay between these phe-
nomena is an active area of research, particularly about
the growth of transverse-longitudinal coupled electromag-
netic modes in collisional dense plasma. While the effect of
Coulomb collisions on the propagation of electromagnetic
waves in turbulent plasma has been studied in previous
works, such as (Abe and Niu, 1980b), the current study
explores the specific influence of body stresses on the insta-
bility growth of these coupled modes in a collisional dense
plasma environment. The collision frequency in turbulent
plasma differs from that of the Maxwellian distribution,
and this subject has not been considered before in this
work. Based on plasma kinetic theory, this paper investi-
gates the instability resulting from longitudinal-transverse
coupled electromagnetic modes in collisional plasma in the
presence of body stresses.

2 Theoretical model

Consider the dense plasma with the electron density 102!
ecm ™3, which varies along the z-axis. The plasma heats
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up only in the direction of the electron wave propaga-
tion, which leads to a variable temperature anisotropy
with the direction of the wave. The behavior of the un-
stable modes of the electromagnetic perturbations propa-
gating along the plasma density gradient is evaluated by
Maxwell’s equations and Vlasov equation. To investigate
the effect of Coulomb electron-ion collision on the propa-
gation of electromagnetic modes, the collision sentence in
the kinetic equation is considered. The linearized Boltz-
mann equation used to derive the dispersion linear as,

of  .of of

Bt 5?‘#* *:—V(f fo). (1)

The electron distribution function is defined as f = fo+ f1,
where fy is the equilibrium distribution, and f; is the
first-order perturbation of the distribution function. The
expression for the collision frequency is denoted by v.
The distribution functions in the presence of the body
stress and the temperature anisotropy deformed from the
Maxwellian distribution. Therefore, anisotropy of the dis-
tribution function is defined as (Amininasab et al., 2019):
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where vy = 2/ 3T1/ 3/me is thermal velocity, T

transverse temperature TH longitudinal temperature and
n(x,t) = (no/ne(x,t)) is the plasma density gradient. The
temperatures in the perpendicular and parallel direction
to the wave propagation are given as,
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where m, is the electron mass, kg is the Boltzmann con-
stant, v, and v are the components of the electron ve-
locity perpendicular and parallel to the wave propagation
direction, respectively. v and v) are the corresponding
mean velocities of the distribution function. These tem-
peratures are used to define the temperature anisotropy
of the electron distribution function. The initial elec-
tron density is ng = 10?! cm™3, and the electron den-
sity varies from n.(z,t) = 10%! to 10?* cm™3 along the
z-axis. The density gradient n varies from 1 to 0.001, and
the temperature is 20 keV with a temperature anisotropy
B = Tj/TL = 100. The laser wavelength is 1 ym. The
wave vector k is along the x-axis, the electric field F is
along the y-axis, and the magnetic field B is along the
z-axis. The perturbed electromagnetic fields and the per-
turbation current density are defined as,
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The body stress is defined as

Pzax = Mellle /(Ui - U2/3)f(11)d’U
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The body stress tensor is a second-order moment of the
electron distribution function and is defined as

75 = [0 = 5)0; — ) ) )
where v; and v; are the i'" and j*® components of the
electron velocity, respectively. The body stress tensor
describes the internal forces within the plasma due to
the pressure gradient. It is related to the temperature
anisotropy and the plasma density gradient. In this po-
sition considered a rotation of the electron distribution
function in the x — y plane through an angle # with den-
sity gradient n around the z-axis. To investigate the de-
pendence of the scattering relation on the direction of the
wave vector, the electron distribution function under the
rotational angle 6 defined by (Gremillet et al., 2007; Amin-
inasab et al., 2018):

n Pry
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The collision frequency in turbulent plasma differs from
that of Maxwellian distribution and is dependent on the
value of stress and it can then be written as

1 dp
= 8
v MeVgNe dt (8)
nd . . . . .
where vy = — is the drift velocity and p is the parti-
npe

cle momentum per unit volume. The total rate of loss of
momentum per unit volume is given by

d o0
ditj —/O vymev fo(v)div

2mn,
3

(9)
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where collision frequency v, is defined as

Ze*ni(me +m;)

vV, =
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In A. (10)
Here, Z is the ionic charge, and the expression In A is the
Coulomb logarithm. Substituting the distribution func-
tion and carrying out the integral of the Eq. (9), the
collision frequency can then be written as

Ze*n,;

3 eoml/zT Tnl/2

2
- =1 [1+ Pea(3 vdsm29)]lnA. (11)

The collision frequency for quasi-Maxwellian distributed
particles is larger than that of the Maxwellian, so
the collision frequency increases with the body stress.
After combining Maxwell’s equations and applying a
Fourier-Laplace transform, the dispersion relation for the
transverse-longitudinal coupled electromagnetic modes is
defined by:

kokis
k2

- 6aﬂ)(@

w

ap(k,w) + ( )2| = o0. (12)
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where o5 is the Kronecker delta, k is the wave vector,
and €, is a dielectric tensor takes the form:

2
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where w’ = w + iv. The imaginary positive part of the
frequency is the electromagnetic instability. The dielec-
tric tensor €, considers the plasma’s effects on electro-
magnetic wave propagation. The dispersion relation re-
lates the frequency and wave vector of the electromagnetic
wave to the properties of the plasma. The dielectric ten-
sor depends on the properties of the plasma, such as the
electron density, electron temperature, and magnetic field
strength. It describes how the plasma affects the propa-
gation of electromagnetic waves, including dispersion and
absorption. The dielectric tensor is a complex tensor, and
its real and imaginary parts describe the plasma’s refrac-
tive index and absorption coefficient, respectively. The
plasma frequency is a fundamental parameter that char-
acterizes the behavior of a plasma. It is defined as the
natural frequency of oscillation of the charged particles in
the plasma, and it depends on the electron density

4meng

nme

(14)

Wpe =

where e is the elementary charge, and m. is the electron
mass. The plasma frequency measures the strength of the
collective motion of the charged particles in the plasma.
The plasma frequency determines the cutoff frequency for
electromagnetic waves in the plasma, below which the
waves cannot propagate due to the strong interaction with
the charged particles. The plasma frequency is an impor-
tant parameter in plasma physics and describes a wide
range of phenomena, including wave propagation, insta-
bilities, and heating. By placing the distribution function
in the scattering relation, the components of the dielectric
tensor are:
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where ¢ = (w + iv)/kvr is the phase velocity normalized
by thermal velocity. Due to the symmetry of the distribu-
tion function, the €., and €,, components become zeros.
The plasma dispersion function defined as follows:
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The plasma dispersion function is a complex function of
the complex variable (, and it has both real and imagi-
nary parts. It plays an important role in the analysis of
wave propagation and stability in plasmas, particularly for
collisionless plasmas. The real part of the plasma disper-
sion function determines the phase velocity of the wave,
while the imaginary part determines the wave damping
or growth rate. The plasma dispersion function can be
evaluated numerically or using analytical approximations
for specific regimes of (. The dispersion relation for the
transverse-longitudinal coupled electromagnetic modes in
a plasma can be written as:

(18)

——)dt. (19)

2 ke,
€y — Exz€yy T Eza(— "
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The dispersion relation is solved by putting the plasma
dispersion function in equations of the dielectric tensor
components, and cede second order and higher of (. This
dispersion relation describes the interaction between the
electromagnetic wave and the plasma, and it determines
the propagation and stability properties of the wave. The
instability growth rate for the transverse-longitudinal cou-

pled mode is given as

1
d=—kur[1-n)+ 3npm(§ +sin? 0)
Jr(@)z 7 n?(3=)2sin® 20 | o/ (21)
w 21— Pz2(2 - 3sin?0) X
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1 3Pax )2 gin? 26
- (p4 ) din (23)
n1—Ezz(2—3sin’0)
Bez (2 — 3sin® §
‘4 TLm o h),
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Instability may grow in different directions of wave prop-
agation, and the largest growth rate is related to the wave
perpendicular to the higher temperature. Without body
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stress, pz = 0, the growth rate of instability is simplified

as follows:

ke
6p,.—0 = —kvr[(—)*+1—n] —v.
P

(24)

The transverse-longitudinal coupled modes provide insta-
bility when 6 > 0. Therefore, the instability will grow
if

1
kor[(1 = n) + 3npsa (5 + sin? 0)
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The transverse-longitudinal coupled mode is damping
when the threshold value for the body stress tensor is
not exceeded, which corresponds to J,, < 0. In this
case, the equilibrium distribution function is stable. How-
ever, if p,, is large enough to exceed the threshold value,
0p,., becomes positive, and the transverse-longitudinal cou-
pled mode becomes unstable. This means that there will
be an incremental deformation of the distribution function
from equilibrium due to the body stress, which gives rise
to instability. The instability growth rate depends on the
wave vector, electron density, and temperature anisotropy,
as well as the magnitude of the body stress tensor.
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Figure 1: Variation of the growth rate of the instability of
transverse-longitudinal coupled electromagnetic modes, ¢, as
a function of the rotation angle 6 for the number of different
normalized waves kc/wpe
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3 Results and Discussion

The paper investigates the behavior of unstable modes
of the electromagnetic perturbations propagating along
the plasma density gradient in dense plasma with a vary-
ing electron density along the x-axis. The instability
growth variation of longitudinally-transverse electromag-
netic modes in the corona of plasma as a function of ro-
tation angle for different wave numbers are shown in Fig.
1. As shown in Fig. 1, in the plasma corona that n = 1
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Figure 2: Variation of the instability growth rate of longitudinal-transverse coupled electromagnetic modes, §, in the collision
frequency plane v and the propagation angle of electromagnetic modes 6 for the waves number kc/wpe = 10 and the density

gradient n = 0.01.

the maximum instability growth rate of electromagnetic
modes § > 0 will occur around the propagation angles
0 = w/4 and 0 = 57/4. The maximum growth rate of
instability increases with increasing wave number. The
maximum value of the instability growth of the transverse-
longitudinal coupled mode in 8 = 0.287 can be varied from
1864 to 21421 by varying the value of k¢/wp. from 1 to 10.
As the wave number increases 10 times, the maximum in-
stability growth rate will increase 9.3 times. Contours of
the electromagnetic modes propagation versus variation
the collision frequency in n = 0.01 is shown in Fig. 2.
A comparison of figure 1 and figure 2 concludes that the
maximum instability will increase with decreasing density
gradient, 1. The collisions effect on the instability growth
rate is investigated. For 10'® < v < 2 x 103, increasing
the beam oscillating energy around the diffusion angles
0 = 1.87 — 27 will increase the instability growth. The
electron during contact with the ion population and tem-
perature expansion loses some of its energy which reduces
the instability growth rate. In a collisional plasma, the
collisions between particles can cause the electron distri-
bution function to deviate from the Maxwellian distribu-
tion, and this can lead to a reduction in the instability
growth rate for the transverse-longitudinal coupled mode.
As the collision frequency increases, the electron popula-
tion has more opportunities to interact with the ion pop-
ulation and thermalize, which reduces the deviation from
Maxwellian and hence the instability growth rate. The fig-
ure shows that the instability growth rate decreases with
an increase in the collision frequency, and for collision fre-
quencies above 310'3 Hz, even a slight increase in the
collision frequency can lead to a significant reduction in
the growth rate of the instability of the electromagnetic
modes. This implies that collisions play an important role
in determining the stability properties of a plasma, par-
ticularly for high-collisionality plasmas.
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4  Conclusions

The interaction between a laser beam and dense plasma in-
volves various phenomena such as the generation of return
currents, magnetic fields, body stresses, and turbulence.
The growth of transverse-longitudinal coupled electromag-
netic modes in collisional dense plasma can be affected by
body stress, which can lead to changes in plasma den-
sity and temperature that affect the propagation of elec-
tromagnetic waves. Understanding the interplay between
these phenomena is an active area of research. In this pa-
per, the instability resulting from longitudinal-transverse
coupled electromagnetic modes in collisional plasma in
the presence of body stresses is investigated based on
plasma kinetic theory. The dynamics of electrons are
described by the linearized Boltzmann equation, and in
the presence of body stress, the dispersion relation for
transverse-longitudinal coupled modes in a turbulent sys-
tem is obtained with an anisotropic quasi-Maxwellian dis-
tribution function. The calculations show that increasing
density gradient widens the propagation angle of electro-
magnetic modes, while decreasing wave number increases
the range of propagation angles of the growing electro-
magnetic modes. A decrease of 100 times in wave num-
ber leads to an 88% increase in the growth rate maxi-
mum of the electromagnetic longitudinal-transverse cou-
pled modes. As the density gradient increases and wave
number decreases in the electron beam path, the growth
rate of instability due to the coupling of the side bands
increases with the oscillation rate of the electron. The
threshold of body stress for instability becomes minimum
when the wave vector is along the specified direction of
electromagnetic mode emissions. Increasing collision cor-
rection leads to a significant reduction in the instability
growth rate of longitudinally-transverse coupled electro-
magnetic modes. Overall, this paper provides insights into
the effects of collision in dense plasma on the growth rate
of electromagnetic longitudinal-transverse coupled modes
and their interplay with body stress.
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